The steady state and time-resolved photoluminescence (PL) spectra of cubic Al x Ga 1-x N have been measured for 0<x<1. The intensity of the room temperature PL increases by an order of magnitude when the AlN content increases from x=0 to x=0.95. Additionally, the PL decay slows down with the decrease of temperature and increase of x. These results show that strong localization of carriers on alloy composition fluctuations plays a large role in determining the intensity and temporal evolution of the PL. The activation energy for the localized carriers increases with the increase of x and reaches the value of 55 meV at x=0.95.
I. INTRODUCTION
Semiconductor alloys are an integral part of electronic and optoelectronic devices. The variation of compound content in the alloy allows control of the band gap, E g , of the semiconductor thus varying the transport and optical properties of the material and related heterostructures. One common feature of alloys is the existence of tails in the density of states and related carrier localization, which appear due to the statistical fluctuations of alloy composition. This decreases the carrier mobility, which in turn causes undesirable degradation of transport properties in electronic devices. On the other hand, the remarkable feature, which results from the localization phenomenon, is the increase of the near-band edge photoluminescence (PL) quantum efficiency, because photoexcited carriers and excitons, being localized, cannot easily reach the defects and surface states, where nonradiative processes can become dominant. In nitride compounds, like (Al,Ga)N, large values of E g inevitably lead to a large scale of activation energies from the localized states. This promises the achievement of high PL efficiency at room temperature which makes possible the fabrication of efficient blue and ultraviolet LEDs and lasers based on nitrides, where, due to the technical difficulties, it is difficult to grow defect free material and exploit the free carrier and exciton radiative properties.
The effects of carrier localization and related PL have been studied in various semiconductor alloys over many years. For more detailed experimental and theoretical studies we refer readers to publications on (Al,Ga)As [1] , II-VI compounds [2] and references therein. During the last decade there have also been a number of experiments on hexagonal AlGaN [3] [4] [5] [6] [7] . In some of these works, intense room temperature PL was observed due to localization of carriers on alloy fluctuations [4] . The latest achievements in growing cubic nitride epilayers with high stability show that these materials offer some potential advantages for fabrication of optoelectronic devices. The main advantages of cubic over hexagonal nitrides are the absence of the built in piezoelectric fields and the ability to use them in combination with other cubic III-V semiconductors, like GaAs. Thus it is attractive to study the possibility of exploiting the localization of carriers and excitons in cubic nitrides in order to achieve high quantum efficiency light emitting devices. To our knowledge, the localization of carriers in the alloys based on cubic nitride compounds has received very little attention to date.
In this work we present the results of PL studies for a series of Al x Ga 1-x N samples with x= 0 -0.95.
The temperature dependencies of the PL intensity and its temporal decay clearly show the importance of localization effects in determining the carrier dynamics and respectively the PL spectra. The intensity at room temperature in the alloys with high x>0.6 is higher by two orders of magnitude in comparison with plain cubic (c-) GaN grown by the same technique. The samples with highest x=0.95 show the largest value for the localization energy of 55 meV.
The paper is organized in a following way: in Sec.II the sample growing methods and the technique for PL measurements are described; in Sec.III the experimental results of the studies of PL spectra, their temperature dependence and time evolution are presented and the main arguments in support of carrier localization effects are given; finally, in Sec. IV, various aspects of carrier localization are discussed.
II. EXPERIMENTAL DETAILS
The zinc-blende (cubic) Al x Ga 1-x N films were grown on 2'' diameter semi-insulating GaAs (001) substrates by plasma-assisted molecular beam epitaxy (PA-MBE) in a MOD-GENII system using arsenic (As 2 ) as a surfactant to initiate the growth of cubic phase material [8] . The active nitrogen for the growth of the group III-nitrides was provided by an HD25 RF activated plasma source. Prior to the growth of the (Al,Ga)N layers, a GaAs buffer layer was grown on the GaAs substrate in order to improve the properties of the cubic GaN layers. In the current study, all zinc-blende Al x Ga 1-x N layers were grown at temperatures ~680 o C at a growth rate of ~0.25μm/hr. In order to sustain the cubic phase during the epitaxy it is crucial to maintain an excess of group III elements on the growth surface. We have used a new approach to maintain the excess of group III elements for the growth of Al x Ga 1-x N layers for a wide Al composition range: namely the use of an excess Ga flux [9] . Samples were studied in-situ using reflection high-energy electron diffraction (RHEED) and after growth ex-situ measurements were performed using X-ray diffraction (XRD). We have studied Al incorporation into cubic Al x Ga 1-x N layers by secondary ion mass spectrometry (SIMS) using Cameca IMS-3F
and IMS-4F systems and by electron probe microanalysis (EPMA) using a Cameca SX100 apparatus. As a result of the measurements the AlN content x was obtained with a fractional error of 1-2 percent.
The PL measurements were performed in a liquid helium flow cryostat with temperature stabilization in the range 5 -300 K. The PL was excited by deep-UV pulses from a quadrupled Ti-Sapphire laser. The photon energy of the excitation was 5.9 eV, duration of pulses ~100 fs, repetition rate 82 MHz and average power 2 mW. The beam was focused to a spot with a diameter ~50 µm. The time-integrated PL spectra were collected using parabolic reflective optics and analyzed by an Ocean Optics UV enhanced spectrometer. The time resolved measurements were performed using a photon counting system with a fast photomultiplier at the exit slit of a Bentham M300 monochromator and Becker and Hickl SPC-630 PC board with a sampling interval of 1.2ps. The overall time resolution of the system was not worse than 150 ps.
III. EXPERIMENTAL RESULTS
A. Photoluminescence spectra Figure 1 shows the time integrated PL spectra for 10 samples with various contents of Al, measured at room temperature T=300 K (a) and at T=5 K (b). All spectra possess a peak in the ultraviolet spectral range which corresponds to the near band-edge PL of the corresponding alloy. The photon energy E PL max corresponding to maximum intensity increases with the increase of x which is due to the increase of E g . The spectra measured at T=300 K show that PL intensity of this near band-edge PL rapidly increases with the increase of x. The integrated PL intensity for x=0.95 is two orders of magnitude higher than for the c-GaN layer (x=0). Qualitatively this effect is similar to that observed earlier in hexagonal (Al,Ga)N and provides the first indication of carrier localization in the alloy with high x [4] . The intensity increase of the PL with the increase of x is also observed at T=5K, but the difference for low and high x is not as large as at room temperature.
The interesting feature of the low temperature PL spectra [ Fig. 1(b) ] is the modification of the spectral shape while x increases: in c-GaN (x=0) there are several narrow spectral lines, related to exciton annihilation, and a low energy sideband usually attributed to donor-acceptor recombination [10] . As x is increased the low energy wing disappears and the sharp lines broaden. Finally the spectrum consists of one broad spectral peak or several overlapping peaks separated by much higher energy than the spectral distance between the exciton lines in the samples with low x. Such transformation of the low temperature spectra with the increase of x is further qualitative evidence for carrier localization. Indeed, it is known that the localization on the alloy fluctuations results in the inhomogeneous broadening of the exciton PL lines and the spectra may consist of several broad peaks [1] [2] [3] [4] [5] [6] [7] . When the spectrum consists of more than one peak, a high energy one is usually attributed to the PL from the extended, i.e. band states, while more intense low energy peaks correspond to the PL from the localized states [2, 4] .
The symbols in Fig. 2 show the x dependence of the photon energy E PL max . The increase of E PL max with the increase of x is in qualitative agreement with the expansion of the band gap, E g , obtained from the earlier work at T=300 K [23] . However the values for E g and its direct or indirect origin in (Al,Ga)N alloys are still under the debate [21, 22, 23] . In analogy with hexagonal (Al,Ga)N [4] we may expect that the Stokes shift for the PL peak relative to E g at high values of x is more than 100 meV due to localization effects and electron-phonon interactions [2] in the studied samples. Figure 3 shows the series of PL spectra measured at various temperatures in samples with x=0. 23 (a) and 0.95 (b). Strong temperature quenching is clearly observed in the sample with low AlN content [ Fig.   3(a) ]. Significantly weaker temperature quenching is also observed in the sample with high x [ Fig. 3(b) ]. The modification of the spectral shape from relatively narrow peaks to a broad PL band, mentioned earlier, can be traced in the sample with lower x [ Fig. 3(a) ]. In the sample with high x=0.95 [ Fig. 3(b) ] the spectral shape does not change significantly with T, but the shift of E PL max by ~50 meV towards low energies is seen while T increases from 5 K to 200 K.
B. Temperature dependence of the PL spectra
To be more specific we may estimate the activation energies ΔE from Arrhenius plots of the high temperature data [13] :
where I 0 and C are phenomenological parameters determined by the kinetics of electrons and holes and ΔE is the mean activation energy required for releasing the localized carriers into extended states where they have a high probability of recombining non-radiatively.
Examples of the T dependencies of the PL peak intensity I(T) measured at E PL =E PL max are shown in This result supports the statement about the localization of carriers in the Al x Ga 1-x N alloys with high x, even at room temperature. However, it should be noted that, as might be expected for alloy samples, it was not possible to describe the whole temperature range with a single value of the activation energy.
C. Time resolved photoluminescence.
Time resolved PL data are well known to provide valuable information about any localization effects [14] . If carriers which take part in the recombination are localized in the same microscopic area, as shown schematically in Fig. 6(a) , then the decay time of PL from these electron-hole pairs (excitons) is governed by the recombination time τ R , which, for nonresonant excitation, has a value close to the regular alloy without fluctuations. At low T for the nitrides and their alloys, τ R ~10 -10 s [15] . However, if the electron and hole are localized in areas separated in space [ Fig.6 (b) ], then the decay time may exceed τ R by several orders of magnitude and it has a very strong dependence on the distance between the localized electron and hole. In general, due to a wide distribution of localization energies and distances between the localized electrons and holes, the PL decay I(t) is non-exponential and depends on the alloy content, temperature, excitation density, excitation and detection wavelengths. x the temperature induced speed up of the decay starts at a lower T than in the sample with high x. In our example ( Fig. 8) , I(t) for x=0.16 (a) is barely distinguishable from the laser pulse already at T=150 K, while for x=0.49 (b) I(t) measured at T=200 K still has a distinctly longer decay than the excitation pulse. Thus we may conclude that, at higher x, the carriers remain localized to higher temperatures.
The PL decay curves I(t) measured at
Evidently the radiative recombination and thermal activation followed by nonradiative decay depends on the energy of the electrons, E e , and holes, E h , in the tails of the density of states. Hence, I(t) for various emitted photon energies E PL = E e -E h should vary. As an example of the dependence of I(t) on E PL we present data ( For lower x and higher T the dependence of the PL decay on E PL is governed additionally by thermal activation. This leads to the redistribution of carriers between various localized states and increases the probability for non-radiative decay. The detailed analysis of these dependencies, and also the excitation wavelength and power dependencies of the PL decay are the subject of future studies and lies beyond the scope of the present work.
IV. DISCUSSION AND CONCLUSIONS
The main deduction which follows from the presented experimental results is the growing role of carrier localization in the PL with the increase of AlN content. To summarize the arguments in favor of this, we point out the following experimental observations which take place while x increases: (i) the intensity of PL increases [see Fig. 1(a)]; (ii) the activation energy ΔE obtained from the Arrhenius plots increases (see Fig.5); and (iii) the decay of PL at elevated temperatures slows down (see Fig.8 ).
The presence of carrier localization and its important role in the PL of the studied cubic (Al,Ga)N alloys is not surprising and the general features, described in our work, have been observed in several types of III-V [1, [3] [4] [5] [6] [7] and II-VI [2] alloys. From the practical point of view, related to the applications of the cubic (Al,Ga)N alloys as a material for efficient LEDs and lasers, it is important to understand what values of AlN content in the alloy are most suitable for a particular structure or opto-electronic device. The value of ΔE defines the energy separation between extended carriers which possess high nonradiative rate w NR , and localized states, where the carriers are likely to recombine radiatively with a rate w R . The kinetic parameters w NR and w R depend on x due to basic properties and specific technological procedures for growth of the cubic (Al,Ga)N alloys. The parameter C in Eq. (1) is governed mostly by the ratio w NR /w R ~ C and obviously plays a no less important role in the PL efficiency than the value of ΔE. The presented experimental results provide the information needed to choose an optimum x depending on the specific task. For instance, for achieving the highest PL efficiency of the material at room temperature one would choose x>0.5. When using (Al,Ga)N as the barriers in heterostructures, the high efficiency PL from the barriers becomes unfavorable and the optimum value of x should be obtained based on the balance between localization, thermal activation and nonradiative recombination of carriers in the alloy.
In the qualitative analysis of the experimental data we did not consider the Coulomb interaction between electrons and holes and hence exciton formation. Such interaction is important when at least one type of the carriers (e.g. electrons) remains mobile and couples to another carrier (e.g. hole) forming an exciton with the binding energy between E ex =25 meV [16] and 75 meV [17] depending on x. In the studied samples this can be true at low x and low T because the low temperature PL spectra consist of several narrow lines. However, at high x, when localization effects are strong enough, both types of carrier are localized on the fluctuations of the alloy. Indeed, the valence and conduction band offsets have similar values, for both GaN and AlN [18] , and so the amplitude of the potential profile for electrons is expected to mirror the profile for holes. Thus the case when one type of carrier is localized and another remains free seems unlikely.
It is notable that the activation energy ΔE increases monotonically with the increase of x [ Fig.5 ]. No decrease of ΔE is observed when x becomes close to unity. The PL spectra do not to show features of the plain AlN, like spectral narrowing and exciton peaks. One of the reasons for such unusual behavior could be a certain fraction of clusters with hexagonal alloys in the material which appear during the growth due to stacking faults. The role of stacking faults in PL for the materials which show in parallel face centered cubic (fcc) and hexagonal lattices has been studied for many years [19, 20] . The stacking faults result in the development of clusters with different lattice symmetry. The density and size of these clusters are a subject of more detailed study using X-ray micro-PL techniques. Qualitatively it is clear, that being higher in energy relative to cubic (Al,Ga)N, the carriers from hexagonal clusters do not contribute to PL significantly, but play a certain role in the carrier kinetics governing the formation of a mobility edge for electrons. Thus the studied samples may possess larger values of ΔE in comparison with the pure cubic alloy. If the role of hexagonal clusters is really essential, then even in pure AlN (x=1), the carriers will be still strongly localized due to the presence of hexagonal AlN clusters. This is an opposite case to pure hexagonal AlN where PL spectra show narrow exciton lines and no features of localization effects are observed [21] . Another possibility is that the growth under excess Ga flux results in strong lateral alloy fluctuations about the mean composition, even for large x samples, as discussed in Ref. [24] In conclusion, we have shown that photoexcited electrons and holes in cubic AlGaN alloys at high . The temporal evolution of PL measured for sample with x=0.78 at T=5 K and various photon energies E PL indicated by the arrows in the inset which shows the PL spectrum. Figure 9 
